The European anchovy (Engraulis encrasicolus) exhibits a complex population structure in the Mediterranean Sea and Northeast Atlantic Ocean. To resolve the population genetic structure of this species, we surveyed sequence variability in the mitochondrial (mtDNA) control region in samples (n ¼ 563) from 13 locations in the Northeast Atlantic, the Bay of Biscay, and the Mediterranean Sea. Based on pairwise F ST s, SAMOVA, and multidimensional scaling, a complicated population structure composed of multiple populations emerged. Combining these results with those from previous population studies based on mitochondrial and nuclear markers, we identified nine genetically differentiated European anchovy populations: (i) Canary Islands; (ii) Cádiz; (iii) Alborán Sea; (iv) Garona; (v) Arcachon and Donostia; (vi) a large population in the northwestern Mediterranean, including Cadaqués, Gulf of Lyon, Elba, and Sicily; (vii) southern Adriatic; (viii) northern Adriatic; and (ix) Aegean Sea. We suggest that independent management strategies should be implemented for each genetically differentiated population, and, in cases where several fisheries stocks are recognized within an area of genetic homogeneity, each stock should be managed separately.
Introduction
The European anchovy, Engraulis encrasicolus (Linnaeus, 1758), is a small, pelagic fish that is distributed in the neritic waters of the eastern Atlantic Ocean and the Mediterranean, Black, and Azov Seas (Whitehead et al., 1988) . Heavy fishing in the Mediterranean and Northeast Atlantic waters (Whitehead et al., 1988) has resulted in this fishery collapsing in the Alborán Sea in the 1990s (Irazola et al., 1996) and in the Bay of Biscay over the last decade (Borja et al., 2008) . As a result, this fishery was closed from 2006 to 2008, after which landings recovered to more than 10 000 tonnes year 21 (ICES, 2011) .
Several international organizations manage European anchovy fisheries, as determined by both natural (biogeographic and oceanographic) and political (social and economic) divisions. In the Mediterranean Sea, the General Fisheries Commission for the Mediterranean (GFCM) proposes management measures for six anchovy fisheries: Alborán Island, Northern Spain, Gulf of Lions, Northern and Southern Adriatic, and Aegean Sea (GFCM, 2008) . In the northern Atlantic north of 358N, the International Council for the Exploration of the Sea (ICES) manages three fisheries: the Iberian basin in the Atlantic Portuguese coast, including the Portuguese Waters -East (ICES area IXa), the Bay of BiscaySouth (ICES area VIIIc), and the Bay of Biscay-Central (ICES area VIIIb) (ICES, 2011) . In the northern Atlantic south of 358N, the Food and Agriculture Organization of the United Nations (FAO) manages several fishery stocks within FAO fishing area 34 of the Eastern Central Atlantic (FAO, 2005) (Figure 1 ).
Molecular genetic studies of the European anchovy have revealed a complex population structure that only partially agrees with the proposed fishery stocks. In the Mediterranean, the population structure varies between the eastern and western basins. Using nuclear allozymes and mitochondrial DNA (mtDNA) Restriction Fragment Length Polymorphisms (RFLPs), studies show population substructure in the eastern Mediterranean basin. This structure probably arose from abrupt changes in water salinity (Magoulas et al., 1996) coupled with physical barriers that limit gene flow within this basin (Spanakis et al., 1989; Bembo et al., 1996a Bembo et al., , 1996b Bembo et al., , 1996c Magoulas et al., 1996 Magoulas et al., , 2006 Kristoffersen and Magoulas, 2008) . By contrast, allozyme studies of populations from the western basin revealed no genetic differentiation between spawning aggregations of anchovies in the Ligurian Sea, the Gulf of Lyon, and the Catalan coast Sanz et al., 2008) . Despite a lack of genetic differentiation, these populations are morphological distinct (Tudela, 1999; Tudela et al., 1999) . The Alborán Sea population in the western Mediterranean is genetically distinct from other Mediterranean populations (Magoulas et al., 1996; Sanz et al., 2008 ), but appears to be closely related to Atlantic populations from the northwestern African and Portuguese coasts (Magoulas et al., 2006) . In the Northeast Atlantic, the Bay of Biscay populations are genetically distinct from the neighbouring Canary Islands and coastal Portuguese populations (Magoulas et al., 2006) , but surprisingly they are genetically similar to populations found in the western Mediterranean basin (Magoulas et al., 2006 ; but see Sanz et al., 2008; Zarraonaindia et al., 2009) .
The source of this population heterogeneity has been attributed to a combination of present day isolation and historical biogeographic events (Magoulas et al., 1996 (Magoulas et al., , 2006 Grant, 2005) . In particular, mtDNA RFLP analyses distinguished two highly divergent matriarchal clades, clade A and clade B, which have different phylogeographic origins (Grant and Bowen, 2006) and distinct demographic histories (Grant, 2005) . The population frequencies of clade A and clade B haplotypes vary across the Mediterranean and Northeast Atlantic (Magoulas et al., 1996 (Magoulas et al., , 2006 Grant, 2005) .
This study aims to resolve the population structure of the European anchovy in the Mediterranean and Northeast Atlantic using sequence diversity in the hypervariable mtDNA control region (mtDNA CR) from thirteen populations in the Northeast Atlantic Ocean and both Mediterranean Sea basins. Extensive sampling and sequence analysis of a hypervariable region should increase the resolution of the population structure compared with previous analyses with lower resolution markers, such as RFLPs and allozymes. With population substructure more highly resolved, Figure 1 . Sampling sites and mtDNA clade frequencies. Clade A, white; Clade B, black. Grey lines delineate fishing areas. Sample codes and fishery areas names as in Table 1 . 
Material and methods
In this study we used samples collected by Sanz et al. (2008) and analysed additional samples from the Northeast Atlantic, the Canary Islands, and the Mediterranean, including Sicily in the western basin and two locations in the eastern basin (Table 1, Figure 1 ). Samples in the Mediterranean and Northeast Atlantic were collected from commercial fishing vessels. Samples in the Bay of Biscay were collected from AZTI 1996 and THALES 1996 research vessels conducting surveys. In total, 563 adult European anchovies from thirteen populations were collected for the genetic analysis. In general, each sampling location is placed in a different fishery area ( Figure 1 ). Skeletal muscle from each individual was preserved in 96% ethanol or frozen at 2308C and stored for analysis. Total DNA was isolated from each tissue sample according to Viñas et al. (2004) . Briefly, a small piece of tissue (ca. 100 mg) was digested overnight at 378C in a 1.5 ml microcentrifuge tube containing 600 ml of TENS buffer (0.05 M Tris-HCl, pH 8; 0.1 M EDTA; 5 M NaCl and 5 M SDS) and 80 ml of proteinase K (10 mg ml
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). Phenol-chloroform extraction using two washes of phenol and one wash of chloroform:isoamyl alcohol (24:1) was followed by ethanol precipitation of the DNA. The DNA was resuspended in 100 ml of deionized water. To amplify ca. 400 bp from the 5 ′ -end of the mtDNA CR, we used a custom primer designed to the L-strand anchovy control region, P3 (5 ′ -AAC TTC CAT CTC CCA AAG-3 ′ ), and the H-strand CSBDH primer (5 Bremer, 1994) . PCR amplification was performed in a total volume of 25 ml containing 50 ng (0.5 ml) of template DNA, 1X Taq DNA polymerase buffer (Applied Biosystems, Foster City, California), 1.5 -2 mM MgCl 2 , 200 mM of each dNTP, 10 pmol of each primer, and 0.5 U of Amplitaq DNA polymerase (Applied Biosystems). Negative controls in all PCR runs confirmed the absence of cross-contamination. Thermal cycles consisted of an initial denaturing step of 5 min at 948C, followed by 35 cycles of denaturing at 948C for 45 s, annealing at 508C for 45 s and extension at 728C for 1 min. Double-stranded DNA products were purified with 0.6 U of Exonuclease I (Fermentas, Sankt Leon-Rot, Germany) and 0.3 U of Shrimp Alkaline phosphatase (Fermentas) at 378C for 1 h, followed by an inactivation step at 858C for 15 min. The cleaned PCR products were sequenced unidirectionally using the BigDye Cycle Sequencing Kit (Applied Biosystems) and the BigDye Kit v3.1 (Applied Biosystems) on an ABI Prism 3130 Genetic Analyzer (Applied Biosystems). When sequencing results were ambiguous, the amplicon was sequenced in both directions. Sequences were submitted to the GenBank (see Table S1 for GenBank accession numbers).
Sequences were aligned in BIOEDIT (Hall, 1999) , using the mtDNA CR sequence of the Japanese anchovy (Engraulis japonicus) (GenBank accession number AB040676) as a reference with manual adjustments. According to Akaike information criterion implemented in jMODELTEST v. 0.0.1 (Posada, 2008) , the GTR + I + G model (Tavaré, 1986) , with a gamma parameter of a ¼ 0.283, i ¼ 0.419 and nucleotide frequencies of A: 0.358, C: 0.207, G: 0.134 and T: 0.300 was the best-fit model for nucleotide substitution in this region. Phylogenetic analyses were performed in PAUP* 4.0b10 (Swofford, 2002) , using the neighbour joining (NJ) method (Saitou and Nei, 1987) , and the best-fit model. Confidence in tree nodes was measured by 10 000 non-parametric bootstrap replicates (Felsenstein, 1985) .
Haplotype (h) (Nei and Tajima, 1981) and nucleotide (p) (Nei, 1987) , diversities were estimated from haplotype frequencies and haplotype divergence. Based on a pairwise distance matrix of the haplotypes that was estimated using the best-fit model of evolution, mean sequence divergence between groups of haplotypes corrected by within-group divergence (D A ) (Nei and Tajima, 1981) were computed in ARLEQUIN v. 4.0 (Excoffier and Lischer, 2010) .
Pairwise genetic differentiation between samples (F ST ) was estimated in ARLEQUIN. Significance was determined based on 10 000 permutations. To correct for multiple testing, the sequential Bonferroni test (Holm, 1979; Rice, 1989) was used. In addition, the relationships between samples were estimated by multidimensional scaling (MDS) analysis of the pairwise F ST values. To define geographically homogenous groups of populations, we performed a spatial analysis of molecular variance using SAMOVA v1.0 (Dupanloup et al., 2002) . SAMOVA partitions the populations into a specified number of groups such that F CT is maximized (Dupanloup et al., 2002) . To identify the grouping that maximizes F CT , we estimated F CT for up to seven population aggregations.
Results
The alignment of 402 bp of the mtDNA CR from 563 European anchovies revealed 144 segregating sites (K ), 80 of which were parsimoniously informative sites. These polymorphisms defined 419 distinct European anchovy mtDNA haplotypes that were heterogeneously distributed among the localities (exact test of haplotype distribution, p,0.001; see Table S1 for the geographical distribution of the haplotypes). Haplotype diversity and mean nucleotide diversity for all samples were h ¼ 0.996 + 0.001 and p ¼ 0.031 + 0.016, respectively. The haplotypes were organized into two wellsupported (94% bootstrap) divergent haplogroups, differentiated by a mean net sequence divergence (D A ) of 2.7% + 1.3 ( Figure  S1 ). These two divergent haplogroups correspond to the previously described clade A and clade B (Magoulas et al., 1996) . Diversity estimates were similar for most locations (Table 1 ). The Canary Islands and the Cádiz populations had the lowest nucleotide diversities, probably as a consequence of the low frequency of clade B haplotypes in these populations.
Among all samples, 55% had a haplotype from clade A and 45% had a haplotype from clade B. The clades were unequally distributed among locations (x 2 test, p,0.001; Figure 1 ), with significant, abrupt shifts in clade frequency among neighbouring populations. Clade A was dominant in the Canary Islands (100%) and Cádiz (95.7%) populations. The abundance of clade A in the Northeast Atlantic populations was significantly higher than its abundance in the Bay of Biscay populations (43.5%) (x 2 test, p,0.001). Although the frequency of clade A was high (76.5%) in the Alborán Sea, its prevalence was significantly lower than in the Canary Islands and Cádiz populations (x 2 test, p,0.001). The frequency of haplotypes from clade A was lower in the northwestern Mediterranean samples (average 40.7%), with the Adriatic Sea population having the lowest frequency of haplotypes from clade A (22.5%). By contrast, in the Aegean Sea population, 79.6% of the haplotypes were from clade A (Figure 1) .
Overall, there was significant genetic differentiation among the 13 populations (F ST ¼ 0.134; p,0.001). Pairwise F ST s (Table 2) revealed that the Canary Islands and Cádiz populations were significantly different from all other populations. Similarly, the Aegean Sea population was genetically distinct from all populations Genetic population structure of European anchovy except the Alborán Sea population. The Alborán Sea was significantly different from the remaining populations, including the neighbouring Cádiz and Cadaqués population. The northern and southern Adriatic populations differed from eight and six populations, respectively, including the neighbouring populations from Sicily and the Aegean Sea. The Garona population differed significantly from six samples but was genetically similar to nearby Donostia and Arcachon populations. The remaining populations were genetically similar, with a lack of heterogeneity from the northwestern Mediterranean, Donostia, and Arcachon. According to the MDS (Figure 2) , the Alboran Sea, Aegean Sea, Cádiz, and Canary Islands populations were four genetic units clearly separated from the remaining populations. The northern and southern Adriatic populations were also genetically distinct. The northwestern Mediterranean populations were not differentiated. The Garona population was distinct from the two other Bay of Biscay populations.
Within each clade, there was weak but significant structure between the populations (clade A, F ST ¼ 0.021, p,0.001; clade B, F ST ¼ 0.073, p,0.001). When using only clade A haplotypes, pairwise F ST s were significantly different between the Bay of Biscay populations and the northwestern Mediterranean populations (Table S2 ; Figure S2 ), despite sharing a similar frequency of clade A haplotypes.
Using SAMOVA, we found that F CT was maximized when the populations were divided into two groups (Figure 3 ). All groupings of the populations yielded significant F CT s. For eight groups, F CT was highly significant and large (0.153; p,0.001). In this case, the northern and southern Adriatic populations were genetically distinct from each other and from the rest of the Mediterranean, and the Garona population was genetically distinct from the other Bay of Biscay populations.
Discussion
Sequence analysis of the mtDNA CR of the European anchovy reveals a complex mosaic of genetically differentiated populations supported by a large and significant level of genetic differentiation (F ST ¼ 0.134; p,0.001) and also by the heterogeneous distribution of the two mtDNA clades (Figure 1 ). Similar genetic structure was suggested by an analysis of nuclear markers (allozymes) on a subset of these populations. Interestingly, Sanz et al. (2008) , analysing some of the samples of the present study using nuclear allozymes, observed essentially the same population structure.
Such large genetic differentiation between physically close populations in a marine pelagic species is unexpected. In general, marine species are characterized by a large effective population size and high migratory potential and tend to present low levels of genetic differentiation (Waples, 1998) . Thus, the observed genetic differentiation might be ephemeral due to a lack of temporal sampling replication (Waples, 1998; Viñas et al., 2011) . More extensive sampling, including temporal replicates, would distinguish between temporal (Sturrock and Rocha, 2000) . population structure and geographic population structure, but this ideal design is not always possible. Using a hypervariable mtDNA marker, which has a theoretical effective population size fourfold smaller than nuclear markers (Birky et al., 1983) , could partially work around this problem. However, the analysis of the maternally inherited mtDNA offers only partial insight into the anchovy population histories, and it is more suitable for inferring past phylogeographic histories than current gene flow. Nevertheless, the strong concordance between population structure based on nuclear markers (allozymes) (Sanz et al., 2008) and the results presented here suggests that the observed structure accurately reflects the population structure of the species. According to the SAMOVA and MDS analyses, the European anchovy range is comprised of eight genetically distinct populations (Figures 2 and 3 ): (i) Canary Islands; (ii) Cádiz; (iii) Alborán Sea; (iv) Aegean Sea; (v) North Adriatic Sea; (vi) South Adriatic Sea; (vii) Garona in the Bay of Biscay; and (viii) the western Mediterranean plus Donostia and Arcachon in the Bay of Biscay. This structure is strongly concordant with that suggested by Sanz et al. (2008) using nuclear allozymes in the locations where the two studies coincide. They disagree only in the placement of the Donostia and Arcachon populations. The allozyme analysis revealed a low but clear genetic differentiation between populations from the Bay of Biscay and those from the western Mediterranean (Bembo et al., 1996b; Sanz et al., 2008) . By contrast, using mtDNA CR (this study) or RFLPs (Magoulas et al., 1996 (Magoulas et al., , 2006 and nuclear microsatellites (Zarraonaindia et al., 2009) , the Bay of Biscay populations are not genetically distinct from the western Mediterranean populations. When we limit our analysis to clade A haplotypes, the Bay of Biscay and the western Mediterranean populations are genetically distinct. The exact relationship between populations from these regions remains unclear.
The clade composition of the Cádiz and Canary Islands populations sheds light on the genetic relationship between the northeastern Mediterranean and Bay of Biscay populations. In these two populations, haplotypes are almost exclusively from clade A. This clade composition is similar to the populations of the western Portuguese coast and the central African coast (Magoulas et al., 2006) , but differs sharply from the clade composition in the northwestern Mediterranean and Bay of Biscay populations, which are dominated by clade B haplotypes (Figure 1 ). According to Magoulas et al. (2006) , clade A originated in the southern Atlantic, and anchovies with clade A haplotypes migrated to the northward up to the western Portuguese coast. This northward migration of clade A anchovies isolated the populations with high frequencies of clade B haplotypes. The genetic similarities between the Bay of Biscay and the northwestern Mediterranean populations may indicate a common ancestor from a glacial refuge in the Northeast Atlantic that colonized these populations in the eastern Atlantic after the last glaciation (Grant, 2005; Magoulas et al., 2006; Zarraonaindia et al., 2009) . Following the recolonization, the northward migration of individuals with clade A haplotypes genetically separated the Bay of Biscay and the northwestern Mediterranean populations.
Within the Bay of Biscay, both MDS and SAMOVA analyses support the differentiation of Garona from Donostia and Arcachon. Similar results were found using nuclear markers (Sanz et al., 2008; Zarraonaindia et al., 2009) . According to Sanz et al. (2008) , the genetically distinct Garona population has an isolated spawning area produced by cycles of population expansion and contraction. Bay of Biscay populations have the lowest genetic diversity for both mtDNA (Table 1 ) and nuclear markers (Bembo et al., 1996b; Sanz et al., 2008; Zarraonaindia et al., 2009) , supporting the hypothesis of a recent population contraction.
The Alborán population was genetically distinct from other Mediterranean and Northeast Atlantic populations, including neighbouring populations. While the isolation of the Alborán Sea from the rest of the Mediterranean has been previously reported, suggesting that the Almeria-Oran front is a dispersal barrier for anchovies (Bembo et al., 1996b; Magoulas et al., 2006; Bouchenak-Khelladi et al., 2008; Sanz et al., 2008) , this study is the first to suggest that the Alborán population is genetically distinct from the closest Atlantic population, Cádiz. The genetic distinctness of this population might result from the endogenous recovery of the population after the fishery collapse in the 1990s (Irazola et al., 1996; Pertierra and Lleonart, 1996) that led to the accumulation of rare alleles, such as those detected in allozymes (Sanz et al., 2008) . Alternatively, the genetic distinctness might reflect the influx of both clade A haplotypes from the Atlantic and clade B haplotypes from the northwestern Mediterranean populations, resulting in a mixed population that is distinct from both sources. Future studies with more sensitive markers of the Alborán population and its neighbouring populations will help resolve its population history. Within the Mediterranean Sea, the genetic homogeneity in the northwestern basin (this study, Tudela et al., 1999; Sanz et al., 2008) contrasts with the genetic structure of populations in the eastern Mediterranean (Spanakis et al., 1989; Bembo et al., 1996a Bembo et al., , 1996b Bembo et al., , 1996c Magoulas et al., 1996 Magoulas et al., , 2006 Kristoffersen and Magoulas, 2008) . The results from this study extend the range of this northwestern population to Sicily, which includes several spawning grounds (Palomera, 1992) . The Ionian Sea population has similar clade composition (Magoulas et al., 1996 (Magoulas et al., , 2006 to the northwestern Mediterranean populations in this study, suggesting that the large panmictic population in the northwestern basin extends east to the Ionian Sea. By contrast, genetic differentiation among the Aegean, northern Adriatic, and southern Adriatic populations has been observed from nuclear allozyme allele frequencies (Bembo et al., 1996a) , mtDNA clade frequencies (Magoulas et al., 1996 (Magoulas et al., , 2006 , and mtDNA haplotype diversity (this study).
For the Adriatic populations, the northern and southern populations were genetically distinct according to the SAMOVA analysis (eight groups) (Figure 3) but not for the MDS (Figure 2 ). Previous studies using allozyme markers detected strong genetic differences between the Adriatic populations and the rest of the Mediterranean and between the northern and southern Adriatic populations (Bembo et al., 1996a) . Bembo et al. (1996a) attributed the genetic differences between the Adriatic populations to distinct oceanographic conditions between the north and south Adriatic Sea, with the inflow of rivers being more apparent in the northern Adriatic.
In summary, the combination of our analysis with previously published data suggests that there are at least nine distinct genetic populations, specifically (i) the Canary Islands; (ii) Cádiz; (iii) the Alborán Sea; (iv) Donostia and Arcachon in the Bay of Biscay; (v) Garona in the Bay of Biscay; (vi) a large area in the northwestern Mediterranean Sea; (vii) the northern Adriatic Sea; (viii) the southern Adriatic Sea; and (ix) the Aegean Sea. Further genetic analysis using high-resolution nuclear markers is required to corroborate the results present here. However, the results presented here are concordant with those from nuclear allozyme analysis at most locations, suggesting that this mtDNA analysis accurately reveals the population structure of the anchovy in the area of study.
Genetic population structure of European anchovy
The resolution of the genetic structure of European anchovy populations should ideally impact the management of anchovy fishery stocks. For species management, one of the worst scenarios is not detecting population structure when it actually exists (Waples et al., 2008; Viñas et al., 2011) . Therefore, any evidence of population structure should be considered. Thus, we suggest that each genetically distinct population should be treated as one fishery stock. When multiple fishery stocks are recognized within an area of genetic homogeneity (the northwestern Mediterranean), independent management for each recognised fishery stock (Cadaqués, the Gulf of Lyon, Elba, Sicily, and the Ionian Sea) should be continued (Figure 1) , as higher resolution genetic analyses might reveal hidden genetic structure. By contrast, when genetically distinct populations that belong to the same management area are found, they should be considered as separate fishery stocks (as in the situation that occurs in Arcachon and Garona in the ICES area VIIIc in the Bay of Biscay). Table S1 . Haplotype list and their geographical distribution with GenBank accession numbers. Sample codes as in Table 1 . Figure S1 . Unrooted NJ tree showing the relationship of mtDNA CR-I using the substitution model of GTR+ I + G. Only bootstrap values above 90% are depicted in the tree. Figure S2 . Multidimensional scaling plot of F ST distance using only clade A haplotypes between 13 populations. Open circles indicate Atlantic locations, black circles Mediterranean locations. The stress value of 0.001 is well below the threshold of 0.199 for 13 populations in two dimensions (Sturrock and Rocha, 2000) . Figure S3 . Multidimensional scaling plot of F ST distance using only clade B haplotypes between 13 populations. Open circles indicate Atlantic locations, black circles Mediterranean locations. The stress value of 0.001 is well below the threshold of 0.199 for 13 populations in two dimensions (Sturrock and Rocha, 2000) .
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